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1
NON-BUCKLING STEERABLE CATHETER

FIELD OF THE INVENTION

The present invention relates to systems and methods for
moving a medical apparatus, such as a catheter or endo-
scope, 1n bodily cavities. More specifically, the present
invention relates to a steerable member having a construc-
tion that permits the distal tip to be articulated by pull wires
while preventing the member from buckling.

BACKGROUND OF THE INVENTION

In general, catheters are used in medical procedures in
which tubular structures, lumens, pleural cavities or spaces
of the body, such as airways, vessels, organs, and joints are
diagnostically examined and/or therapeutically treated.
Catheters, which can be mtroduced into the body through a
natural orifice or through an incision, can deliver imaging,
devices, surgical mstruments, implants, fluids, drugs, phar-
macologic materials, blologlc materials, blologlc agents and
therapeutics to treat or remedy various pathologies found
therein. Catheters also guide and deliver other components,
such as guide wires, scaflolds, stents, and tools to the
intended site within the body.

Endoscopes/imaging catheters are widely used 1 medi-
cine to provide direct visualization for diagnostic and thera-
peutic purposes. They are available in many sizes and
configurations intended for use 1n different parts of the body
and for a vaniety of diagnostic and therapeutic procedures.
The visualization device (i.e., a fiber optic 1image bundle or
a sensor at the distal tip of the device), together with a means
of 1llumination, are an integral part of the endoscope.
Endoscopes may also provide working channels to guide
and deliver other instruments to the desired site.

Steerable catheters are common in the medical device
world. They often function by embedding a wire into a
secondary lumen of a polymer extrusion, which detflects the
distal tip of the extrusion when pulled. A major problem of
steerable catheters 1s that, while the distal tip steers, the
proximal section buckles under the compression force of the
wires being pulled. An additional problem 1s that, when the
steerable catheter 1s bent, the wires are put in tension and the
distal tip will curve. This buckling 1s 51gmﬁcantly mitigated,
but not completely eliminated, when the wires are nested
inside the lumens of steel coil tubes embedded 1n the walls
of the extrusion.

This buckling of the catheter takes away from the preci-
s1on 1n which the tip 1s steered, and 1t significantly limits the
catheter’s functionality when used 1n confined spaces. More-
over, the buckling of the catheter exerts significant lateral
forces on sensitive and often diseased anatomy, and these
lateral forces can injure that anatomy.

What 1s desired, therefore, 1s a steerable member for
catheters and the like that does not buckle when force is
exerted on the pull wires to steer 1t. What 1s further desired
1s steerable that 1s able to be steered with precision and
accurately maneuverable 1n small spaces.

SUMMARY OF THE

INVENTION

Accordingly, it 1s an object of the present invention to
provide a steerable member with a construction that elimi-
nates buckling of the catheter body.

It 1s a further object of the present invention to provide a
steerable member with a construction that optimizes inser-
tion of a catheter.
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2

It 1s yet another object of the present invention to provide
a steerable member with a construction that optimizes
translation characteristics that comport with specific ana-
tomic segments.

In order to overcome the deficiencies of the prior art and
to achieve at least some of the objects and advantages listed,
the invention comprises a steerable member for a medical
apparatus, including a continuous, elongated body having a
proximal section, a distal section, and a middle section
between the proximal and distal sections, wherein the proxi-
mal section of the elongated body 1s less flexible than the
distal section, at least one pull wire sheath extending through
the proximal section and the middle section but not extend-
ing through the distal section, the pull wire sheath having a
channel therethrough, and a pull wire disposed 1n the chan-
nel of the sheath and extending through the proximal sec-
tion, middle section and distal section of the elongated body,
the pull wire having a distal end athixed to a distal end of the
clongated body, wherein the distal section of the elongated
body bends 1n response to a force applied to the proximal
end of the pull wire.

In some embodiments, the middle section of the elongated
body has an inner diameter smaller than the inner diameter
of the proximal section, such that the pull wire sheath
penetrates a wall of the elongated body where 1t passes 1nto
the middle section.

In certain embodiments, the distal section of the elongated
body comprises a polymer with a lower durometer than the
proximal section. In some of these embodiments, the distal
section of the elongated body comprises a polymer with a
lower durometer than the middle section, in some, the
middle section of the elongated body comprises a polymer
with a lower durometer than the proximal section, and in
some, the middle section of the elongated body comprises a
polymer with a lower durometer than the proximal section
and a higher durometer than the distal section.

In certain advantageous embodiments, the proximal sec-
tion of the elongated body further comprises a ribbon braid,
and the middle section does not include the ribbon braid. In
some of those embodiments, the ribbon braid comprises a
stainless steel braid.

In some embodiments, the at least one sheath comprises
a plurality of sheaths, each sheath having a pull wire
disposed in the channel thereof.

In certain embodiments, the sheath comprises a coil tube,
and 1n some cases, the coil tube comprises a stainless steel
coil. In other embodiments, the sheath comprises a stainless
steel ribbon braid.

In advantageous embodiments, the relationship between
the elastic moduli of the distal section of the elongated body
and the pull wire sheath 1s

E

4
'poblm erX 107<E sheath

In some cases, the invention further includes a stainless
steel ring mounted 1n the wall of the body, wherein the pull
wire 1s welded to the ring.

In certain embodiments, the invention includes an 1mag-
ing device at the distal end of the elongated body. In some
cases, the elongated body comprises the shait of a balloon
catheter, and 1n other cases, the elongated body comprises
the shaft of an endoscope.

In another embodiment, the invention comprises a steer-
able member for a medical apparatus, including a continu-
ous, elongated body, at least one pull wire sheath extending
through a portlon of the elongated body and having a length,
the pull wire sheath having a channel therethrough and a
distal end, and a pull wire disposed 1n the channel of the
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sheath and having a distal end aflixed to a distal end of the
clongated body, the pull wire having a length longer than the
length of the sheath, wherein the elongated body has an
inner diameter that reduces 1n size proximal to the distal end
of the pull wire sheath, such that the pull wire sheath
penetrates a wall of the elongated body where the diameter
reduces, wherein the distal section of the elongated body
bends 1n response to a force applied to the proximal end of
the pull wire.

In some of these embodiments, the relationship between
the elastic moduli of the distal section of the elongated body
and the coil tube 1s

E x10%<E

‘polymer coil

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a side view of steerable member for a medical
apparatus in accordance with the ivention.

FIG. 1B 1s a cross-sectional side view the steerable
member of FIG. 1A.

FIG. 2 1s a schematic view of a steerable catheter showing,
the constitutive relation for the force transfer between a pull
wire-sheath assembly and the outer catheter body.

FIG. 3A 1s a schematic view of the differential element
(dX) of a pull wire-sheath assembly.

FIG. 3B 1s a schematic view of the diflerential element
(dX) of a pull wire-sheath assembly 1n which tension has
exceeded the plastic deformation limit of the sheath mate-
rial.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

The basic components of one embodiment of a steerable
member for a medical apparatus such as a catheter or
endoscope 1n accordance with the invention are illustrated 1n
FIGS. 1A-1B. The device comprises a continuous, contigu-
ous, non-buckling, partially hollow member that can be used
as a structural component 1 a variety of assemblies that
would benefit from a semi-rigid to rigid body with a varying,
cross-sectional stifiness and an integral articulating distal
component. The varying properties that form the continu-
ously integral member provide an overall structure that can
be easily navigated through tortuous luminal paths and
provides steering capabilities that simplily the process. The
basic construction principles of the device are described
below. As used 1n the description, the terms “top,” “bottom,”
“above,” “below,” “over,” “under,” “above,” “beneath,” “on
top,” “underneath,” “up,” “down,” ‘“‘upper,” “lower,”
“front,” “rear,” “back,” “forward” and “backward” refer to
the objects referenced when in the orientation illustrated in
the drawings, which orientation 1s not necessary for achiev-
ing the objects of the mvention.

The steerable member 10 includes an elongated body 12
having a proximal section 14, a middle section 16, and a
distal section 18. Any of various pliable polymers can be
used to fashion the continuous elongated body 12, which 1s
usually formed via extrusion. These sections have varied
levels of stiflness or flexibility, and consequently, varied
levels of resistance to bending and undesirable buckling, as
1s further outlined below.

A central lumen 22 1s defined by an inner diameter of the
body 12 that extends along the length thereof. The lumen 22
may be used for the passage of bodily fluid, such as air
during respiratory procedures or blood during angioplasties.

The lumen 22 may also be used to supply any of various
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gases and liquids for insufllating portions of the anatomy
and inflating portions of medical apparatus, such as catheter
balloons. The lumen could also be used to deliver diagnostic,
therapeutic, and pharmaceutical agents, guidewires, other
catheters, and other medical tools small enough to transit

therethrough. It should be noted that the body 12 may

include additional lumens for one or more of these purposes.

At least one, and typically a plurality of (e.g., two), pull
wires 24, 24" extend through the proximal, middle, and distal
sections 14, 16, 18, and are aftixed to the distal end 26 of the
body 12. In advantageous embodiments, the pull wires 24,
24' comprise steel, though 1n other embodiments, any mate-
rial that can be formed 1nto a fine diameter tension wire may
be employed. In certain embodiments, the pull wires 24, 24'

are welded to a stainless steel ring 30 mounted 1n the wall

of the body 12.

Each pull wire 24, 24' 1s disposed 1n a support structure
comprising a sheath 34, 34' surrounding the pull wire. In
certain advantageous embodiments, the pull wire sheath 34
1s a stainless steel coil, but 1n other embodiments, can be
another type of coil tube, wire wrap, or other adequately

rigid coil, ribbon, or similar type of sheath. The sheath 34
acts, not only as a protective outer covering for the pull wire
24, but also as a force bearing member that 1s in compression
while the tension 1n the pull wire increases when it 1s pulled
in order to cause deflection of the distal end of the catheter.

The steel coils 34, 34' extend through the proximal section
14 and middle section 16 of the body 12. At the junction of
the proximal section 14 and middle section 16, the coils 34,
34' penetrate a lateral wall 36 of the extrusion, where there
1s a reduction 1n the mner diameter of body 12. The distal
end 38 of the coils marks the junction of the middle section
16 and distal section 18.

The penetration pomnt of the pull wire and coil tube
assembly at wall 36 provides an advantage over traditional
articulating hollow members, which have traditionally used
a fully mternalized wall lumen to house pull-wire members
along the entire length of the extruded catheter body. A
common shortcoming of these prior art systems 1s overcome
with the understanding that force transfer from internal to
external members 1s dependent on the relative detlection 1n
compression of each member and its transfer point and the
relative length 1n relation to each other.

For illustration, the general constitutive relation for the
force transier between the steering member and the outer
extrusion 1s shown 1 FIG. 2, where the equation for the
impending detlection/motion of the coil tube 34 is repre-
sented as:

n’El (1)

F.=Fp = (kLz)

where: k 1s the Euler end condition coethlicient (=2 for pinned
ends)

L 1s the free coil tube length

E 1s Young’s modulus of elasticity

I 1s the area moment of inertia
and, still referring to FIG. 2, where X represents the avail-
able compression length of the coil tube 34, such that the
maximum allowable detlection/motion of the coil tube 34 1n
order to prevent loading of the catheter body 12 1s repre-
sented as:

S<X (2)
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Using the relation for modulus of elasticity of the coil tube
34 as the governing member of load transter to the external

catheter body 12:

Flo

. 3)
AoAL

rearranged as:

F.Lo
T AQE

(4)

AX

it can be appreciated that the cross-sectional area A, and
clastic modulus E govern the response of the coil tube 34, as

the diflerence in compressed length vs. free length (L vs L 5)
1s small.

Substituting the peak buckling force above for F, 1t 1s
seen that i1t 1s the moment of inertia I of the coil tube that
primarily governs the deflection relation:

"t El ] (5)
(kL)? Lo 7l
AX = = - =
AoE k21 Aq

It should be appreciated that sheath mechanics are more
complicated than simple buckling theory predicts, due to the
combination of the central wire 24 of the assembly also
being 1n tension during the compressive loading of the
sheath 34. There 1s a necessary sharing of buckling forces
from the sheath to the pull wire at the time of sheath collapse
(1.e., when the sheath exceeds i1ts compressive strength
limit). Though such conditions are rare, a description of such
conditions 1s 1llustrative of the physics of this tendon-sheath
system.

It 1s somewhat counterintuitive that a load transfer takes
place between the wire and sheath at the point of compres-
sive failure, but this 1s necessary in order for static-equilib-
rium to be maintained. If one assumes that it 1s possible for
the tension loading of the internal pull wire to exceed the
compressive ultimate strength limit of the coil sheath mate-
rial, 1t can be appreciated that the deformation of the sheath
1s constrained to the path along the central axis of the pull
wire under tension. It 1s this constraint that obviates tradi-
tional buckling theory as the appropnate description of the
sheath-failure mode; a more appropriate description is that
of solid-height compressive loading to failure of the sheath
member.

FIGS. 3A-B illustrate the static equilibrium of a differ-
ential member of such a wire-sheath assembly that has the
unique theoretical property of a wire with infinite ultimate
tensile strength. Letting the end-conditions of the sheath 34
be unbound to translation, it becomes apparent that a point
can be achieved where the tension force has exceeded the
compressive loading of the sheath. It 1s only at this point,
where compressive strength 1s exceeded, that longitudinal
deformation can begin to act to shorten the net path length
of the combined wire and sheath assembly.

To give some 1dea of the total load that a wire-sheath
assembly would need to be exceeded under such conditions,
one can approximate the compressive yield point for typical
steel sheath, given typical steel ultimate compressive yield
strength (U, ) of approximately 100,000 psi, and working
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backward toward the force required. Assuming an internal
sheath diameter of approximately 0.4 mm and outer sheath
diameter of 0.6 mm, then the cross-sectional area 1s defined

by:

A_=n(r *—r)=0.63 mm?* (6)

Because U, __1s defined 1in units of stress (Force/Area), the
force 1s equal to:

. 5 Ibs (7)
o=F/As = Ao = F — 0.000] 1n” - 100,000 5 = 100 Iby
1n

This provides a sense of the typical ultimate strengths of
wire forces required to cause failure of the sheath 34, which

are Tar greater than the force required to cause deflection 1n
the catheter body 12 itself. FIGS. 3A-B illustrate how a

differential section of the wire and sheath assembly responds
to the theoretical condition where wire tensile strength
exceeds sheath compressive strength, and also illustrates
how the sheath 1s constrained to collapse along the central
axis of the internal pull wire.

Thus, wire pull forces below the ultimate strength of
sheaths can easily be employed to effectively drive distal tip
turning, typically in the domain of ~1,,-t0 5, , which easily
facilitates human hand manipulation of such pull wire
systems for use 1n steering mechanisms that will not cause
sheath collapse and subsequent load transfer to the external

catheter body 12 due to shortening (crumpling) of the sheath
34.

As noted, various polymers can be used to fashion the
continuous elongated body 12. The distal section 18 1s more
flexible than the proximal section 14. In certain advanta-
geous embodiments, the distal section 18 1s made with a
polymer having a lower durometer than the proximal section
14. In some cases, the middle section 16 will be made of the
same polymer as either the proximal section 14 or distal
section 18. However, 1n certain embodiments, the middle
section 16 has a lower durometer than the proximal section
14, and a higher durometer than the distal section 18. It
should also be noted that the durometer may change within
one or more of these sections 14, 16, 18, such that the
clongated body 12 has a more continually changing durom-
cter along 1ts length, gradually getting softer with a lower
durometer in the distal direction.

In certain advantageous embodiments, the proximal sec-
tion 34 further includes a steel ribbon braid, providing the
proximal section with further stiflness and a greater resis-
tance to buckling. Such embodiments take advantage of the
function of the combined braiding and contiguously varying
material durometer configurations working in concert with
the forces applied during typical pull-wire steering opera-
tions to reduce buckling tendency in such members.

In operation, the pull wire 24 1s pulled by an operator’s
fingers during insertion of the catheter, such that the user’s
hand exerts a reaction force 1n the distal direction, while the
user’s thumb exerts an actuation force in the proximal
direction. Due to the particular construction of the assembly,
the compressive strain 1n distal section 18 1s greater than the
compressive strain 1 the proximal section 14, thereby
causing the distal section 18 to articulate. In some embodi-
ments, when the user actuates the pull wire 24, the com-
pressive strain 1n the middle section 16 may be greater than
the proximal section 14, or less than the distal section 18, or

both.
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In certain embodiments, the approximate relationship
between the elastic moduli of the polymer of the distal
section 18 and coils 34 1s:

L x10°<E

‘polymer (7)

colfs

and 1n advantageous embodiments, 1s at least

E x10<E

‘polymer

(8)

This relationship 1s important 1n order for the distal section
18 to compress enough to articulate without suflicient com-
pression 1n the coil tubes 34 to make the catheter bend in the
proximal section 14.

The aforementioned provides means for users’ improved
ability to navigate tortuous paths in the anatomy without
reaction forces developing from buckling movement of the
catheter itself when the operator attempts to turn the distal
tip of the catheter. The result 1s a steerable catheter with no
buckling of the proximal section during normal use, sealed
in a polymer extrusion. This allows the catheter to be steered
into small spaces and around tight corners that could not be
achieved with a catheter that buckles when steered, and
without the risk of liquid ingress along its length.

The mvention may be used 1n the insertion tube for an
endoscope. The proximal end of the catheter may be inserted
into the handle apparatus of the endoscope and the wires
attached to a disc controlled by the user’s thumb. Alterna-
tively, the wires may be attached to any similar kind of
device actuation mechanism. The coil tubes could also be
fixed to the handle to further control the control and/or
buckling of the device. After these mechanical consider-
ations, the endoscope can be used to observe (with a camera
at the tip), take samples, or deliver treatments to various
parts of the human or animal body.

Devices similar to endoscopes called boroscopes may be
built using the invention, for mspecting small spaces that
humans cannot directly observe with the naked eye.

Alternatively, the invention and 1ts actuating and control
mechanism(s) may be used simply as a steerable catheter
and/or steerable working channel. Such an embodiment of
the invention would be used to navigate a wide variety of
endo luminal and airway instrumentation to target anatomy.
These instruments may be incorporated into the central
cannulation of the nvention; functioning as a singular
instrument. Alternatively, these instruments may be trans-
lated through the central cannulation of the invention; func-
tiomng as a working channel. Additionally, in another
embodiment of the ivention, the instrumentation may be
translated along the outside of the mvention; functioning as
a steerable guide wire or guide sheath. These functions are
not intended to be mutually exclusive. In fact, the invention
can navigate a plurality of instruments at the same time with
said 1mstruments being incorporated within the central can-
nulation and simultaneously navigating instruments through
the remaining aspect of the central cannulation, 11 any, and
along the outside of the invention.

The invention can also be used in robotics for the purpose
ol deflecting the end of a tlexible member from a location
some distance away.

The invention can also be used 1n exoskeletons to connect,
actuate and/or control anatomic segments and to serve as
epiphyses’, tendinous and ligamentous like structures. Such
an embodiment can also function to enable the transmission
of flmds and/or other linear control apparatus through 1its
central cannulation and/or along 1ts outer body.

The mmvention can also be used in endoskeletons to
connect, actuate and/or control anatomic segments and to
serve as epiphyses’, tendinous and ligamentous like struc-

ootls
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tures. Such an embodiment can also function to enable the
transmission of fluids and/or other linear control apparatus
through 1ts central cannulation and/or along its outer body.

The mvention can also be used 1n the repair and recon-
struction of the spine as part of a spinal rodding system
and/or scoliotic correction system. Such an embodiment of
the invention delivers instrumentation and/or connects, sta-
bilizes, actuates, corrects and/or controls the vertebral and/or
the intervertebral bodies and/or segments of the spine.

The invention can be electronically enabled and remotely
controlled via an artificially intelligent electro-mechanical,
clectro-pneumatic, hydraulic and/or piezo-electric control
system that regulates the actuation of the pull wires. Such a
system may be equipped with sensors to provide metrics, to
provide feedback and/or to stimulate accentuated micro-
controls to optimize the system.

It should be understood that the foregoing 1s 1llustrative
and not limiting, and that obvious modifications may be
made by those skilled in the art without departing from the
spirit of the invention. Accordingly, reference should be
made primarily to the accompanying claims, rather than the
foregoing specification, to determine the scope of the inven-
tion.

What 1s claimed 1s:

1. A steerable member for a medical apparatus, compris-
ng:

a continuously integral elongated body having a proximal

section,

a. a distal section, a middle section, a first junction
between the proximal section and the middle section, a
second junction between the middle sections and the
distal section, the middle section extends between the
first junction and the second junction;

wherein the proximal section of the elongated body 1s less
flexible than the distal section;

at least one pull wire sheath extending through the con-
tinuously integral elongated body portion, each of the
at least one pull wire sheaths extending through the
proximal section and the middle section but not extend-
ing through the distal section, wherein the middle
section of the elongated body has an inner diameter
smaller than the inner diameter of the proximal section,
such that the pull wire sheath penetrates a wall of the
clongated body where 1t passes into the middle section,
cach of the at least one pull wire sheaths having a
channel therethrough; and

a pull wire disposed 1n the channel of the sheath, the pull
wire extending through the proximal section, middle
section and distal section of the elongated body, the pull
wire having a distal end aflixed to a distal end of the
clongated body;

wherein the distal section of the elongated body bends 1n
response to a force applied to the proximal end of the
pull wire.

2. The steerable member of claim 1, wherein the middle

section of the elongated body comprises a polymer section.

3. The steerable member of claim 1, wherein the distal
section of the elongated body comprises a polymer with a
lower durometer than the proximal section.

4. The steerable member of claim 3, wherein the polymer
ol the distal section has a lower durometer than the middle
section.

5. The steerable member of claim 3, wherein the middle
section of the elongated body comprises a second polymer
with a lower durometer than the proximal section.

6. The steerable member of claim 3, wherein the middle
section of the elongated body comprises a second polymer
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with a lower durometer than the proximal section and a
higher durometer than the distal section.

7. The steerable member of claim 1, wherein the proximal
section of the elongated body further comprises a ribbon
braid, and the middle section does not include the ribbon
braid.

8. The steerable member of claim 7, wherein the ribbon
braid comprises a stainless steel braid.

9. The steerable member of claim 1, wherein the at least
one sheath comprises a plurality of sheaths, each sheath
having a pull wire disposed 1n the channel thereof.

10. The steerable member of claim 1, wherein the sheath
comprises a coil tube.

11. The steerable member of claim 10, wherein the coil
tube comprises a stainless steel coil.

12. The steerable member of claim 1, wherein the sheath
comprises a stainless steel ribbon braid.

13. The steerable member of claim 1, wherein the rela-
tionship between the elastic moduli of the distal section of
the elongated body and the pull wire sheath 1s

L

‘polymer

A
X 1 0 {Eshearh -

14. The steerable member of claim 1, further comprising
a stainless steel ring mounted in the wall of the body,
wherein the pull wire 1s welded to the ring.

15. The steerable member of claim 1, further comprising
an 1maging device at the distal end of the elongated body.

16. The steerable member of claim 1, wherein the elon-
gated body comprises the shaft of a balloon catheter.

17. The steerable member of claim 1, wherein the elon-
gated body comprises the shaft of an endoscope.

18. A steerable member for a medical apparatus, com-
prising:

a continuously integral, elongated body having a
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b. polymer distal section, a polymer middle section, a first
junction between the polymer proximal section and the
polymer middle section, a second junction between the
polymer middle section and the polymer proximal
section, the polymer middle section extends between
the first junction and the second junction;

at least one pull wire sheath extending through the con-
tinuously integral elongated body, each of the at least
one pull wire sheaths extending through the proximal
section and the muiddle section but not extending
through the distal section, wherein the middle section
of the elongated body has an inner diameter smaller
than the inner diameter of the proximal section, such
that the pull wire sheath penetrates a wall of the
clongated body where 1t passes into the middle section,
cach of the at least one pull wire sheaths heath having
a channel therethrough; and

a pull wire disposed 1n the channel of the sheath, the pull
wire extending through the proximal section, middle
section and distal section of the elongated body, the pull
wire having a distal end aflixed to a distal end of the
clongated body;

wherein the distal section of the elongated body bends 1n
response to a force applied to the proximal end of the
pull wire.

19. The steerable member of claim 18, wherein the sheath

comprises a coil tube.

20. The steerable member of claim 19, wherein the

relationship between the elastic moduli of the distal section
of the elongated body and the coil tube 1s

E x10%<E

‘pobhrmer cotl"
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